High power isolated DC/DC converters have been extensively used in various applications. Significant research efforts have been devoted to increase the operating efficiency and power density of the converter. Soft switching full bridge converter has been proposed to meet these goals by establishing zero voltage switching condition across the power transistors. However, a significant inductor is required to facilitate the resonance condition, and results in increased loss and reduced power density of the converter.
High power isolated DC/DC converters have been extensively used in various applications. Significant research efforts have been devoted to increase the operating efficiency and power density of the converter. Soft switching full bridge converter has been proposed to meet these goals by establishing the zero voltage switching condition across the power transistors. However, a significant inductor is required to facilitate the resonance condition, and results in increased loss and reduced power density of the converter.
In this article, a full bridge converter with limited soft switching capability and a coaxially-wound transformer are presented to improve the power density. With the coaxial winding structure, the coupling coefficient the transformer will be much higher than conventional transformers, and result in small leakage inductance. The duty cycle loss of the converter is also reduced thanks to the low leakage inductance of the coaxial transformer.
Various coaxial winding structures are presented in this paper. Detailed simulations using Ansoft are conducted to observe their magnetic characteristics. These coaxial transformers are constructed in the laboratory and tested with the full bridge converter under soft-switching conditions to evaluate the performance of the entire system. In recent years, high power and high frequency isolated DC-DC converters have been used in various application, such as telecommunication power supplies, server power supplies, and so on. The full bridge zero-voltage-switching (ZVS) PWM converter is among the most widely used softswitched circuits in high-power applications. One of the major limitations of the conventional full-bridge ZVS converter is the large inductor needed to facilitate the soft switching condition of the slave leg for wide load range. On the other hand, the large resonant inductor increases the loss of duty cycle. To provide full power at the output, the duty cycle loss must be compensated by increasing the turns ratio of the transformer or by increasing the dc bus voltage, both lead to higher stress of the semiconductor switches.
In this paper, various coaxially wound transformer designs are presented for the full bridge in Fig. 1 to improve the power density. The coaxial winding structure can effectively enhance magnetic coupling between the primary and secondary windings, thus the leakage inductance will be significantly reduced, and the duty cycle loss of the converter will also be reduced. The master leg of the converter can accomplish zero voltage switching under wide range of loading by adjusting its dead time, and the slave leg can hard switch without significantly increasing its switching losses because of very low leakage inductance of the coaxial winding transformer. This type of semi-soft switching converter can take full advantages of the low leakage nature of the coaxial winding transformers (1) (2) . Various multi-turns coaxial winding transformers have been proposed previously (4) as shown in Fig. 2 . The concentric and the split outer windings accomplish multiple outer turns while maintaining the coaxial winding structure, and the test results for high frequency power conversion look very promising. However, its turns number tends to be low and the required cross-section area of magnetic cores becomes large. In addition, it is very difficult to maintain the coaxial structure at the end-turns, which 
Operation of Converter

Operation Principle
The PWM full bridge converter controls its output voltage by phase-shifting the master leg and the slave leg. The ZVS of the master-leg (S 1 , S 2 ) is achieved by discharging the resonant capacitors across the transistors during the dead-time. The slave leg transistors(S 3 , S 4 ) are hard-switched. The operating modes of the full bridge circuit and the loss estimation are as follows (5) :
• Mode1 (S 1 on, S 2 off, S 3 off, S 4 on) The current flows through S 1 and S 4 , and the load is energised by the DC source on the primary side through the full bridge converter, the transformer and the diode rectifier. The conduction loss of master-leg is calculated as
After S 1 turns off, the primary current I p flows through C 1 and C 2 , and hence discharges C 2 and charges C 1 linearly. After the voltage across C 2 discharges to zero, the primary current starts to conduct through D 2 . Zerovoltage-switching can be accomplished by turning on S 2 while D 2 is conducting with near zero turn-on switching loss. The required dead-time between the on-time of S 1 and S 2 is calculated as: t d,min ≥ C eq V s I p · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2) where C eq is C 1 + C 2 , and primary current I p is assumed constant during the switching because the output filter inductor is very large. The turn-off switching loss can be written as
At the end of Mode2, the transformer is short-circuited and the primary current circulates through D 2 and S 4 , while the load current freewheels through the rectifier diodes. This freewheeling interval is controlled by the phase-shift between the master-leg and slave-leg. The conduction loss can be calculated as
• Mode4 (S 1 off, S 2 on, S 3 off, S 4 off) At the end of Mode3, S 4 is turned off under hardswitching condition. The turn-off loss is determined by the energy stored in the transformer leakage L lek . The proposed coaxial winding transformers have the advantage of low leakage inductance, thus this switching loss can be limited. After S 4 is turned-off, S 3 starts conducting and the dc bus voltage is applied to the transformer primary side. The turn-on and turn-off losses of the slave-leg can be written as P Q 3,4 on loss = 1 2 I o V sw t r f sw · · · · · · · · · · · · · · · · · · · · · · · (5)
· · · · · · · · · · · · · · · · · · · (6) • Mode5 (S 1 off, S 2 on, S 3 
on, S 4 off)
While the dc bus voltage V p is applied to the transformer, the primary current is still positive as illustrated in Fig. 3 .
The time required to reverse the direction of the primary current results in the duty cycle loss on the transformer secondary side. And the time required is determined by the transformer leakage inductance. After the primary current reaches the level of the reflected output current, the converter enters the negative power transfer cycle. The transition from negative power transfer cycle to the positive one is symmetrical to the above operating modes. The conduction loss of the anti-parallel diodes is calculated as P D1,2 cond = T d T sw I o V f · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)
where V f is forward voltage drop of diode. The loss estimation is later used for the circuit designs.
Coaxial Transformer Design
The full bridge converter in this paper is to provide 3 kW and isolated DC voltage of 250 V from 250 V (±25%) DC input. A transformer with 1 : 2 turns ratio is needed by the design requirement. Multi-turns coaxial winding transformers have been presented in previous literatures (4) (6)- (8) . Most of them adopt concentric outer windings or split outer windings to establish coaxial winding structures. However, these designs are difficult to manufacture, and often lose the coaxial structure at the end-turns. This paper will present the use of coaxial wires for the transformer windings.
Two types of coaxial winding designs are proposed in this paper for the full bridge circuit as shown in Fig. 4 . A Ferroxcube EE-55 (3F3) core is used for implementation. Figure 4(a) shows the winding structure of the multiturn coaxial winding transformer using an 1-to-2 coaxial wire (MCWT-12) with a total of 27 turns on the primary side and 54 turns on the secondary side. The coupling of MCWT-12 reaches 0.99996. Figure 4(b) is with 1-to-1 coaxial wire (abbr. as MCWT-11) with 36 turns on the primary and secondary side. The coupling coefficient of MCWT-11 reaches 0.99997 While being connected to the full bridge converter, the primary side of MCWT-11 is splitted into 2 set of 18 turns winding connected in parallel to the full bridge, and the 2 set of 18 turns windings on the secondary side are connected in series to establish the required 1 : 2 turns ratio. Figure 4 (c) is the conventional winding transformer for comparison. This conventioal winding transformer has 18+18 turns on the primary side connected in parallel, and 18+18 turns on the secondary side connected in series. Figure 5 show the coaxial wires used to wind MCWT-12 and MCWT-11 respectively. The outer windings of both wires are made by 112 strands of braided enamelled wires of 0.1 mm in diameter, and the inner windings are made by 105 strands of the same enamelled wires. Polytetrafluoroethylene (PTFE) tapes with the thickness of 0.16 mm are applied to cover each windings for insulation. The PTFE tapes can withstand up to 250 • C of temperature. The overall outer diameter of both coaxial wires are within 3.0 mm. These braided wires are very flexible to make end turns of the transformer windings. Also, the 0.1 mm enamelled wires are very thin and its skin effect can be neglected upto 100 kHz of operating frequency.
Open circuit test and short circuit test are performed on MCWT-12, MCWT-11 and the conventional winding transformer to estimate the magnetizing inductance and the leakage inductance. The results are listed in Table 1 . Test results show that the leakage inductance of the coaxial winding Fig. 7 . For clear illustration, the flux distribution of the upper-left quadrant of the transformers are presented. MCWT-12 ( Fig. 7(a) ) and MCWT-11 ( Fig. 7(b) ) both demonstrate close magnetic coupling between their primary and secondary windings as most of the flux lines enclose both windings. The coupling coefficient of 0.99997 for MCWT-11 is slightly higher than (Fig. 7(c) ) obviously has more flux in the window area, thus the leakage inductance is much higher comapred to the coaxial winding transformers. Its coupling coefficient is 0.99968 by the 2D analysis of ANSYS. In addition, the end-turns of the conventional transformer will result in more leakages compared to both MCWT-11 and MCWT-12, whose end-turns remain in coaxial structure. However, this is not accounted for in the 2D simulator. The core loss of the transformer can be estimated by P core = k f αBβ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)
By curve-fitting the manufacturer's core loss data at various frequency, these coefficients are identified as k = 2.72×10 −10 , α = 1.231, and β = 2.65 respectively. By combining the estimation of the core loss estimation and the converter loss, the estimated total loss of the entire system with respect to operating frequency is presented in Fig. 6 . 
Laboratory Test Results
The transformers MCWT-12, MCWT-11, and the conventional winding transformers are installed on the full bridge converter as in Fig. 1 to test their performances. The circuit parameters are given as follows:
• DC voltage source: 250 V;
• ZVS resonant capacitors C 1 and C 2 are 22 nF;
• Total load of 3 kW under output voltage of 250 V; output filter inductor L f and L f 2 are 1 mH; output filter capacitor C f 1 and C f 2 are 1000 μH. • PWM switching frequency of 30 kHz. Figure 8 shows the steady state waveforms of the gate driver voltage of the master leg, the full bridge converter output voltage, and the secondary side rectifier output voltage of all three transformers under test. Figure 8 (a) and Fig. 8(b) are tested with MCWT-12 and MCWT-11 respectively, and the results are very similar. Figure 8(c) is tested with the conventional winding transformer.
Due to the large leakage inductance of the conventional transformer, a voltage pulse occurs on the full bridge output as the slave leg transistor turn-off under hard switching condition as shown in Fig. 8(c) . The free-wheeling diode of the IGBT starts conducting during the dead-time of the slave leg switching. This voltage pulse does not appear on Fig. 8(a) and Fig. 8(b) because both MCWT-12 and MCWT-11 have very small leakage, the stored energy of the leakage simply dissipates during the hard-switching. At full load, the conversion efficiency with MCWT-12 and MCWT-11 can reach 94.5% and 95% respectively. However, with the conventional transformer, the efficiency can reach only 91% due to the dissipation of leakage inductance energy during the hard switching of the slave leg. The conventional transformer is more suitable for the conventional zero-voltage switching full bridge converter which requires extra inductor on the primary side to facilitate soft switching conditions for both the master leg and the slave leg. Figure 9 illustrates the duty cycle loss of the PWM full bridge converter. All three transformers are tested under the same full load condition. In Fig. 9 (a) and Fig. 9(b) , both MCWT-12 and MCWT-11 show the duty cycle loss of nearly 0.1 μsec when the primary side current rises toward the load current. The loss of duty cycle is close to 0.3% of a PWM cycle. On the other hand, Fig. 9(c) shows the loss of duty cycle is nearly 0.14 μsec for the conventional transformer because of its large leakage inductance.
Extension to Higher Power Ratings
The proposed MCWTs in previous sections exhibit very low leakages due to the thorough coaxial winding structure, even at the end-turns. The custom-made coaxial wire is the key to this extraordinary characteristics. However, as the current capacity of the braided outer winding increases beyond 15 Arms, the flexibility of the coaxial wire becomes very limited. In order to extend the proposed multiple turns concept for higher voltage and current ratings, the outer winding can be replaced by a copper tube conductor, and the inner winding by litz wires. A proof-of-concept prototype (intended for a full bridge semi-soft switching converter operating at 750 VDC, 10 kW) is constructed as illustrated in Fig. 10 . Ferroxcube E80/38/20 ferrite cores are used in this design. The two inner windings are made by lits wires, and the outer winding is made by a copper tube. Note that in this prototype an ordinary copper tube is used, and it is obviously oversized for the desired specifications. Two end turns connection circuit boards are designed as in Fig. 11 to reduce the leakage at the end turns, The outer winding endturns and the inner winding endturns are placed right opposite to each other on both sides of the circuit board. The coupling coefficient on the end turn board is 0.98929 by Ansoft Maxwell 2D simulator. 
Summary
Two multi-turns coaxial winding transformers are presented in this digest. Two kinds of coaxial wires, a 1-to-1 coaxial wire and a 1-to-2 coaxial wire, are used to wind the transformer and both exhibit very strong magnetic coupling. The resulting leakage inductance of both coaxial winding transformers are far lower than the conventional winding transformer, which are validated by Ansoft Maxwell 2D simulation package. The prototypes of the coaxial winding transformers and the conventional winding transformer are installed on a full bridge semi-soft-switching converter to verify their dynamic performances. The test results show that MCWT-11 and MCWT-12 can accomplish higher efficiency than the conventional transformer in this semi soft-switching full bridge converter due to their low leakage inductance. This paper also presented a multi-turns coaxial transformer with copper tubes as the outer winding intended for high power applications. A novel end-turn connection scheme is also proposed to reduce the leakage inductance. The finite element analysis shows the new end-turn connection method exhibits very good magnetic coupling. Compare to the previous multi-turns coaxial winding transformers with concentric or split outer windings, the proposed transformers based on coaxial wires can reduce the leakage even further because the coaxial winding structure is thoroughly maintained, even at the end-turns. also wish to thank Dr. Keith W. Klontz of Advanced Mo-torTech, LLC, Seminole, Florida, USA for his comments and suggestions.
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